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As bstract. Serum ionized calcium levels are lower and immunoreactive parathyroid hormone levels are higher in the spontaneously hypertensive (SH) rat than in the normotensive Wistar-Kyoto (WKy) control.
We postulated that there is either a defect in the regulation ofvitamin D metabolism by parathyroid hormone or that the gut target organ for vitamin D in the SH rat is unresponsive. To test these hypotheses we measured serum concentrations of vitamin D metabolites and intestinal transport of calcium and sodium. Compared with that of WKy controls, in vitro calcium transport by duodenal sacs of the SH rat was decreased (P < 0.001) at 5 wk, before the development of hypertension, and at 12 wk, after hypertension was well established. When measured in vivo in the most proximal 20 cm of small intestine, maximum velocity (Vmax) for calcium transport was decreased (P < 0.05) and net absorption of sodium and water was increased (P < 0.05) in SH rats as compared with WKy rats. Vmax for calcium transport was also decreased (P < 0.05) in the most distal 20 cm of small intestine of SH rats, but net sodium and water transport were the same in SH and WKy rats. At 12 wk, serum concentration of 1 ,25-dihydroxycholecalciferol [1, 2D3] was the same in both SH and Wry groups, but its precursor, 25-hydroxycholecalciferol, was increased (P < 0.05) in the SH rat. We conclude that in the SH rat: (a) the concentration of 1,25-(OH)2D3 is inappro-
Introduction
Evidence from many sources suggests that calcium has a role in hypertension. Dietary calcium intake is lower in patients with hypertension than in normotensive individuals (1, 2) . In epidemiologic studies, low dietary calcium has been associated with hypertension (3, 4) . Low calcium intake increases blood pressure in Wistar-Kyoto (WKy)' rats (5) , which are controls for the spontaneously hypertensive (SH) rats developed from this strain. High calcium intake lowers blood pressure in SH (6) (7) (8) and in WKy rats (6) .
Total serum calcium is similar in patients with essential hypertension and normotensive controls, but serum ionized calcium is decreased in hypertensive patients (9) . This is also true ofSH rats as compared with WKy rats: under comparable feeding conditions, serum ionized calcium is lower in SH than in WKy rats (7, 10, 1 1). Serum immunoreactive parathyroid hormone is elevated in patients with essential hypertension (12) and in SH rats (7) . These findings suggest abnormalities in calcium homeostasis in hypertension; parathyroid hormone apparently increases appropriately in response to decreased ionized calcium 1 12- wk-old animals) immediately distal to the pylorus was used. The bile duct was ligated, the segment was stripped from the mesentery, everted, and tied at one end. In the 5-wk-old animals, the serosal side of the sac was filled with 0.5 ml (0.75 ml in 12 wk animals) of the solution described above. Methods for incubation, measurement of water movement, and analysis of calcium and 45Ca has been described previously (15). Calcium transport is expressed as 45Ca concentration ratios of serosal-to-mucosal (S/M) media and as net calcium transport into the serosal medium.
Calcium transport was measured in vivo at 12 wk by in situ luminal perfusion of proximal and distal segments of small intestine (16) . 20 cm-long segments of the most proximal small intestine just distal to the pylorus, and of the most distal small intestine just proximal to the cecum, were cannulated. An isotonic saline solution (12 ml) that contained various concentrations of calcium, tracer 45Ca, and phenol red (5 mg/100 ml) was recirculated with a peristaltic pump from a reservoir through each segment at 2 ml/min for 2 h. After 2 h the luminal contents were drained into the reservoir, the perfused segments were excised, and their length and weight were measured. Calcium and 45Ca were analyzed as above, and phenol red was analyzed colorimetrically (17) . After correction for net water movement, net calcium absorption was calculated from initial and final calcium concentration, and flux of calcium out of the lumen into the animal (influx) was calculated from 41Ca data as previously described ( 16) . Data were analyzed statistically by the t test.
Results
In preliminary studies we measured food intake of groups of 5-wk-old SH and WKy rats of the same initial weight. Food intake was slightly greater in SH rats, and they grew more rapidly than WKy rats from 5 to 12 wk. Food intake per gram body weight was the same for both groups. To (Fig. 3 ). Fig. 3 shows a similar plot of calcium influx for distal small intestine of SH and WKy rats. Data were analyzed as described above for the proximal segment and showed Kt to be the same in both SH and WKy rats but V,,. to be significantly lower in SH rats (Table III) . At all concentrations, mean influx was lower in SH than in WKy rats, but the differences were not significant.
Figs. 4 and 5 show the net calcium absorption data corre- (Fig. 4) . The slightly lower mean net absorption data in the distal segment of SH rats do not differ significantly from WKy data (Fig. 5) . Calcium effilux, calculated as the difference between influx (Figs. 2 and 3 ) and net absorption (Figs. 4 and 5 ) data, was independent of luminal calcium concentration and did not differ in WKy and SH groups.
Net sodium and water absorption during calcium absorption studies are shown in Fig. 6 . In the proximal segment, mean net sodium and water absorption were greater in SH than in WKy rats. There was no difference in the distal segment between SH and WKy groups.
Serum concentration of vitamin D metabolites, total serum calcium, magnesium, and inorganic phosphorus at 12 wk are shown in Table IV (Fig. 2) showed K, to be the same in SH and WKy rats, but Vin. to be lower in SH (P < 0.05) (Table III) . (Table III) . Over the entire concentration range, mean net absorption in the proximal segment is lower in SH than in WKy rats (*P < 0.01).
contributing factor in the development of hypertension. The defect in calcium transport and the development of hypertension in the SH rat may also be genetically linked but causally unrelated, and the calcium transport defect may appear at an earlier age than does the elevation in blood pressure.
Vitamin D deficiency produces a defect in Ca2" transport that has the same characteristics that appear in the SH rat. The vitamin D-depleted rat studied in vitro using everted duodenal sacs has a decreased capacity to develop an S/M concentration gradient for calcium (20) (21) (22) (23) The slightly lower mean net calcium absorption in the distal segment of SH rats is not significantly different from that of WKy animals. Figure 6 . In vivo studies. Proximal and distal small intestine of 12-wk-old WKy and SH rats: net flux (mean±SEM) of water (left) and sodium (right) during net absorption of calcium (combined data from all studies: WKy, n = 34; SH, n = 37). Transport of water and sodium in the proximal segments was greater in SH animals (*P < 0.05), but did not differ in the distal segment.
is provided by an earlier study (25) . Pharmacologic doses of 1,25-(OH)2D3 (30 ng The kidney may also be involved in this transport defect. Although urinary calcium excretion is similar in young SH and WKy rats, for example, at 12 wk of age (7) and at 11-17 wk of age (26) , urinary calcium excretion is greater in SH than in WKy rats from week 17 onward and by 43 wks is almost four times greater in the SH rat (7) . Elevated renal calcium excretion could contribute to the decreased serum ionized calcium in the older animals. Although not demonstrable by measurement of urine calcium in young animals, a genetic defect similar to that which we found in the enterocyte may be present in the renal tubule cell, which is also a target for 1,25-(OH)2D3.
Earlier studies have shown that concentrations of ionized calcium in serum is reduced (7, 10, 1 1) and that parathyroid hormone is higher in SH than in WKy rats (7) . In this context, the finding ofthe same concentration of 1 ,254OH)2D3 in serum of both groups is paradoxical: SH rats are not responding to the stimulus to increase 1,25-OH)2D3. This is most consistent with a defect in regulation of 1,2540H)2D3 production, especially in the context of elevated 25-OH-D3 in SH rats. To define the nature of the abnormality in vitamin D metabolism, further study will be needed.
Our calcium transport studies agree with earlier data in the rat that show a higher rate of calcium absorption in proximal than in distal small intestine (27-29). A previous study examined duodenal calcium transport in SH and WKy rats at 5 and 12 wk using everted sacs and in vivo perfusion (25) . SH and WKy rats developed the same S/M concentration ratios at 5 wk, but at 12 wk the ratio was greater in SH than in WKy rats. The absolute values for S/M ratios of 2.5 at 5 wk were low for both SH and WKy rats, considering that incubation was for 90 min (rather than 60 min, as in this study); and that the gradient was developed using 0.25 mM (6, 7) and in WKy rats (6) , and that low dietary calcium increases blood pressure in WKy rats (5) . Calcium malabsorption that causes calcium depletion could therefore contribute to the development of hypertension. Studies of humans also suggest a decreased calcium intake for patients with essential hypertension (1) . Patients with essential hypertension, like the SH rat, show decreased ionized calcium (9) and elevated parathyroid hormone (12) compared with normotensive controls. Thus, our findings may be relevant to essential hypertension. Our findings of altered membrane transport of calcium and sodium by the enterocyte of the SH rat agree with the behavior of several other types of cells. The erythrocyte of the SH rat shows increased sodium and potassium permeability (31) and decreased binding of calcium to the inner membrane surface (32) . The adipocyte of the SH rat shows decreased calcium binding to the membrane (33) , an increased intracellular calcium pool (34) , and decreased membrane fluidity (35) . Calcium binding to subcellular fractions of the aortic wall (36) and aortic smooth muscle (37) is also decreased. Increased net sodium effilux (38) , sodium-potassium turnover (39) , and Na+K+-ATPase activity (40) has been demonstrated for arterial wall and smooth muscle of the SH rat. Thus, in general, in cells from the SH rat, cell-membrane permeability to sodium is increased in association with elevated Na+K+-ATPase activity. Two current mechanisms for calcium regulation of smooth muscle relaxation and contraction have recently been reviewed (41) . The complexity of the calcium cycle precludes defining a relationship between our findings and those reviewed above to the state of tension in arterial smooth muscle.
